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Abstract of Thesis

FABRICATION OF NANOSTRUCTURES FOR IMPROVED PERFORMANCE OF
ELECTROCHEMICAL SENSORS AND FOR REFERENCE COMPENSATION IN LOCALIZED
SURFACE PLASMON RESONANCE SENOSRS

L‐glutamate is associated with several neurological disorders; thus, monitoring fast
dynamics of L‐glutamate is of great importance in the field of neuroscience. Electrode
miniaturization demanded by many applications leads to reduced surface area and
decreased amounts of immobilized enzymes on coated electrodes. As a result, lower
signal‐to‐noise ratios are observed for oxidase‐enzyme based sensors. To increase the
signal‐to‐noise ratio we have developed a process to fabricate micro‐ and nano‐
structures on the microelectrode surface.
Localized surface‐plasmon resonances (SPR) has been extensively used to design label‐
free biosensors that can monitor receptor‐ligand interactions. A major challenge with
localized SPR sensors is that they remain highly susceptible to interference because they
respond to both solution refractive index changes and surface binding of the target
analyte. The key concept introduced in the present work is the exploitation of
transverse and longitudinal resonance modes of nanorod arrays to differentiate
between bulk refractive index changes and surface interactions. The transverse bulk
sensitivity of the localized SPR sensor (107 nm/RIU) remains competitive with typical
single mode gold nanosphere SPR sensors. The figure of merit for the device’s cross‐
sensitivity (1.99) is comparable to that of typical wavelength‐interrogated propagating
SPR sensors with self referencing.

KEYWORDS: High signal‐to‐noise ratio L‐glutamate biosensor, Localized surface plasmon
resonance sensors, Self compensation, Label free detection, Nanorod array sensors.
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1

Introduction to neurochemical sensors

For making electrical interfaces to the neural systems it is necessary to reach
micrometer scale neuronal elements. This explains the need for micro‐/nanofabrication
technology and introduces the interdisciplinary field of neurotechnology, lying at the
juncture of neuroscience with micro‐/nanotechnology. Electrode design for successful
interfacing, either for stimulation or recording, requires good understanding of
membrane phenomena, natural and evoked action potential generation, volume
conduction, and electrode behavior [1].
An enzyme‐based electrochemical biosensor is a system of two transducers, biochemical
and a physical, in close proximity with each other, which relates the concentration of an
analyte to a measurable electrical signal. The biochemical transducer results in the
commencement of a red‐ox process in which the analyte reacts with the enzyme (in the
recognition layer) in a series of steps and produces electron flux. This electron flux is
sensed and converted to electrical signal under constant potential by the physical
transducer [2].
A major challenge in the design of these microelectrodes has been the decreasing
sensitivity that comes with the electrode miniaturization demanded by many
applications. Various methods such as use of electron transfer mediators, use of enzyme
immobilization matrix to increase enzyme loading, and employment of porous electrode
materials like Pt film with well‐defined mesoporous structure and high effective surface
area are being investigated to overcome these problems [3]. Platinization provides
extensively studied means of improving the sensitivity by increasing effective electrode
surface area [3‐6]. Other nanostructures like nanoparticles and nanotubes are also being
investigated for biosensor applications.
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1.1 Design and Mechanism of Electrochemical Sensors
“Microelectrode is any electrode whose characteristic dimension is, under the given
experimental conditions, comparable to or smaller than the diffusion layer thickness, δ.
Under these conditions, a steady state or a pseudo steady state (cylindrical electrodes)
is attained [7].”
1.1.1 Detection Principle of amperometric enzyme‐based electrochemical sensors
Enzyme–based electrochemical sensors use an analyte dependant enzymatic reaction to
convert an analyte (like Glutamate Oxidase for L‐Glutamate detection) to an active
product (like H2O2). The detection of this active product on the electrode surface allows
measurement of the concentration of an analyte [8]. Most of the biosensors used in
brain research are based on amperometric detection methods [8]. In amperometric
biosensors, the electrode potential is maintained at a constant value sufficient for the
oxidation or reduction of the substance electrochemically coupled to it. A popular
strategy is based on the electro‐oxidation of enzymatically generated H2O2 and
correlating the resulting amperometric signal with analyte concentration [4].
Amperometric biosensors are capable of giving electrical signals in milliamperes range
within 30 seconds and are capable of detecting nanomolar to micromolar
concentrations of analytes [9].
In a simple form of amperometric sensor, the oxidase (like Glutamate Oxidase(GOD) for
L‐Glutamate detection) enzyme entrapped in the immobilization matrix uses oxygen to
oxidize the substrate (like L‐Glutamate), resulting in the production of H2O2, which can
then be detected amperometrically by a Pt electrode polarized at 500‐700 mV relative
to an Ag/AgCl reference electrode [8]. Their life‐span is completely determined by the
biological activity of the enzyme and the immobilization technique involved [9].
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1.2 Theoretical Performance Limits
1.2.1 Single Microelectrodes
When the electrolysis occurs at the surface of the electrode, the electro‐active
substance is consumed resulting in the formation of a concentration gradient between
the electrode and the bulk of the solution. As a result, the molecules of the electro‐
active species diffuse toward the electrode to the replace those being consumed by the
electrochemical reaction. The volume within which diffusion occurs is called the
diffusion layer and it increases in thickness with increasing electrolysis time [7, 10]. For a
detailed view of the diffusion layer and the electrode electrolyte interface reader is
referred to [11].
The flux of the electro‐active substance depends on the diffusion coefficient, D, its bulk
concentration, and the diffusion layer thickness, δ. For an effectively infinite planar
electrode, the diffusion layer thickness is defined by the following equation [7].
√
For electrodes of certain geometries, like planar disk and spherical electrodes, a steady
state is established after a considerable amount of time. For spherical electrodes, the
concentration gradient can be described by the below equation [7]
1

,

1

1

1

√
Where,
and

is the bulk substrate concentration
is the radius of the spherical electrode.

From this equation it can be seen that the time required to reach a steady state is
strongly dependent on the electrode dimensions. The steady state time is proportional
to the square of the radius, that is, to the area of the electrode. So, smaller the
electrode, the shorter is the time taken to reach steady state.
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1.2.2 Microelectrode Arrays Principle
The three main cases depending on the size, diffusion layer thickness and the gap
between the electrodes of array when considering the diffusion flux toward a
microelectrode array are detailed in reference [7]. Here we summarize the key points:
•

When the gaps between the electrodes in the array are wide enough so that the
diffusion layers of the adjacent electrodes do not overlap, then the electrodes do
not affect one another and the overall current measured is the sum of the
currents passing through the individual electrodes of the microelectrode array.

•

When the diffusion layers of the individual electrodes partially overlap then the
overall current is smaller than the sum of the currents passing through the
individual electrodes.

•

The third case is when the diffusion layers completely overlap so that they
behave as a continuous electrode having the surface area equal to the whole
array. In this case, the current signal is proportional to the surface area of the
whole array, while noise is proportional only to the area of the electrodes. This
way the signal to noise ratio is highly improved.

For a good explanation of the consequences of the properties of microelectrodes,
preparation and analytical applications of microelectrodes reader is referred to [7, 10].
The limiting form of the current–time relationship for a band ultra‐microelectrode at
long times [12] is given below
2
ln 64
Where

is the width of the band electrode,

redox equation,

is the number of electrons involved in the

is the Faraday Constant which is 96485.3399 C/mole,

the microelectrode,
concentration,

/

is the Diffusion coefficient of the substance,

is the time of the electrochemical experiment.
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is the Area of
is the bulk
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Background for neurochemical sensors

Neurotransmitters are chemicals that are responsible for communication between
neurons. They play an important role in a large number of brain functions and are
involved in a variety of neurological disorders. Because of fast kinetics of
neurotransmitter signals and need for high resolution positioning of the microelectrode
in the brain, real time fast measurement of neurotransmitters has been a challenge in
the past years. Microdialysis is one of the popular approaches employed for the real‐
time monitoring of neurotransmitters. This method provides high selectivity and can be
used to detect a wide range of analytes. In spite of these advantages of microdialysis
methods, its poor space and time resolutions limit its applicability [13,14].
Microelectrodes are suitable for monitoring neurotransmitters with fast kinetics in the
extracellular space of the brain. Small probe sizes and response times of
microelectrodes make them more attractive than microdialysis techniques [14].
The use of platinum black (Pt black) as microelectrodes base material allows excessive
enzyme deposition on to its surface. This is because Pt black electrodes have higher
catalytic activity and larger effective surface area than the normal Pt sites. Electrode
platinization has been extensively used to increase the sensitivity and signal‐to‐noise
ratio of microelectrodes [3‐6].
A number of research groups reported the effects of platinization on electrode response
and signal to noise ratio.
Reyes De Corcuera, Cavalieri et al. 2005 stated that the glucose sensitivity of their
platinized electrodes was up to 64 times the response of polished electrodes with the
same concentration of immobilized enzyme. They also concluded that larger surface
areas were produced at more negative potentials.
Kim and Oh 1996 observed increased current intensity and reduced noise levels by using
Pt black base electrodes. A gradual increase in surface roughness with increasing
negative polarization was observed. They achieved roughness factors in the range of
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230‐380 depending on the platinization potential and an increase in the current
intensity by a factor of 30‐40. This group assumed that the reduction in oxygen bubbles
adhesion to the Pt black electrodes provided higher signal to noise ratios.
Wang, Myung et al. 2005 reported that the glucose sensitivity of their glutamate oxidase
electrodes increased linearly with electrode microscopic roughness factor. The
sensitivity of their Pt black electrodes was two orders of magnitude higher than their
bare Pt electrodes.
Hamdi, Wang et al. 2006 reported a high platinized micro‐biosensor sensitivity of 80 ±
10 nAμM‐1cm‐2 to L‐glutamate. Their study suggested that the increased sensitivity of
the Pt black electrode is a result of both change in the catalytic properties and an
increase in the electro‐active surface area with platinization process.
However, there have been several problems reported with the platinization of
microelectrodes. Critical drawbacks include unstable impedance, weak adherence to the
underlying metal, lack of reproducibility, and non uniform current density of the
microelectrode site. It has been stated that the ultrasonic agitation improves the
adhesion of electrodeposited Pt black to the underlying metal surface [15]. Improved
electrode performance after platinization has been observed in electrodes operating far
from their theoretical sensitivity limits; however, for electrode operating near the
theoretical limit, the signal‐to‐noise ratio is often degrade by platinization. As a result, it
is important to investigate other means of increasing surface area [18].

2.1 Fabrication of microelectrode
The fabrication process of the ceramic based microelectrodes can be seen in Figure 2.1.
The fabrication of the ceramic wafers was carried out as described by Burmeister and
Moxon [16] in conjunction with Thin Film Technology, Inc. (Buellton, CA). UV
photolithograph is used to define bonding pads, connecting lines, and recording sites of
the individual microelectrodes. A 500 Å thick titanium adhesion layer is sputter coated
on the substrate followed by a 1500 Å platinum layer. Conducting wires are insulated by
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coating the microelectrode surfaces excluding the recording sites and bonding pads with
a polyimide layer. In addition to biocompatibility, polyimide exhibits high stability in cell
medium for long periods and is flexible too [17]. Finally, individual electrodes are cut
from the bulk ceramic wafer and wire bonded to a printed circuit board carrier. An
epoxy coating is used on the wire bonding sites to insulate the bonding areas from the
printed circuit board substrate. The printed circuit board is connected to instruments
through a customized connector. Reference [16] contains a diagram of the fabrication
process steps.
A photograph of one of the laser‐cut multisite microelectrodes can be seen in Figure 2.1
[18]below.

Figure 2.1 Photograph of 15 μm X 333 μm Pt multisite microelectrode. Reproduced from
[18]
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3

Design of Pt nano‐posts on Pt Microelectrodes for enhanced
performance of microelectrode arrays

3.1 Advantages of decreasing the size of microelectrode recording sites
The advantages of decreasing microelectrode recording site size are:
•

Making the recording sites smaller (and hence denser electrode arrays) will
ensure that self‐referencing electrodes sense the same brain region.

•

Decreasing electrode size increases non‐linear mass‐transport and thus reduces
the time required for the sensor to reach steady state [12]. Time required to
reach a steady state is strongly dependant on the electrode dimensions. The
steady state time is proportional to the square of the radius, that is, to the area
of the electrode. So, smaller the electrode, shorter is the time taken to reach the
steady state [7].

•

Based on past studies of micro‐electrodes for chronoamperometry, smaller
electrodes can be expected to respond faster to changes in analyte
concentration [19].

3.2 Cost of decreasing the size of microelectrode recording sites
As the surface area of the microelectrode recording site decreases, electrode
impedance increases and also the amount of enzyme immobilized on the coated
electrode surface decreases. As a result, decrease in the surface area of the recording
sites deteriorates the performance of microelectrode sensor arrays. These are the
factors currently limiting the signal‐to‐noise ratio of oxidase‐enzyme based sensors.

3.3 Method to compensate for the decrease in the size of the recording site
Fabrication of micro‐ and nano‐ structures over the platinum surface of smaller
microelectrodes will likely compensate for the decrease in its surface area helping to
maintain the required signal levels for recordings in brain tissue. The surface area can be
enhanced by fabricating micro‐ and nano‐ scale checkerboard patterns, as shown in
Figure 3.1 below.
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Figure 3.1 surface area enhancement by fabricating micro‐ and nano‐ scale
checkerboard patterns
Fabricating this micro‐ and nano‐ platinum square posts over the electrode sensing
surface increases the effective surface area by a factor of (1+ 2h/w). Where h and w are
the height and width of the posts in the pattern.

Figure 3.2 Cross sectional view and top view of square checker board nano‐ structures
on microelectrode surface [20].
If a flat electrode surface of area A0= (2w)2 is reshaped as shown in Figure 3.2, to include
posts with a height h and width w, the effective electrode surface area becomes Apost
=(2w)2 + 2(4w.h). Hence, if the aspect ratio of the micro‐ or nano‐ post is h/w, the
effective surface area of the sensing site with posts over its surface will increase by a
factor of (1+2h/w) [20].
.

2

2 4 .
2

. 1

2

This technique was used to achieve high charge transfer capability in gold electrodes
[20].
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3.4 Hypothesized improvement in the performance of the microelectrode
Fabrication of micro‐ or nano‐ platinum structures over the surface of the platinum
recording sites will increase the effective chemically active surface area. It can be
hypothesized that this increase in the chemically active surface area with no change in
the geometric surface area can provide the following improvements in the performance
of the microelectrode array sensor.
•

With increased effective sensing area, impedance decreases and hence charge
transfer capacity will be greatly improved [21, 22]. This will provide high current
density and hence higher sensitivity to the microelectrode array sensor.

•

Increase in the chemically active surface area will ensure rapid oxidation of
hydrogen peroxide at the platinum surface [18].

•

The platinum checker board patterns fabricated over the platinum recording
sites as shown in Figure 3.2 above might provide more active sites for the
immobilization of the enzyme and hence it might yield higher amperometric
response to L‐glutamate.

•

As the impedance of the microelectrode decreases with the increased effective
surface area, signal loss and noise levels decrease providing higher signal to
noise ratio and hence lower Limit of Detection (LOD) values.
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4

Fabrication of micro‐ and nano‐ structures over the sensing site

4.1 Overview
Because depositing Pt on Pt microelectrodes is expensive for the initial optimization of
the process; the fabrication process was first optimized by depositing gold on silicon
wafer. To begin the fabrication of micro‐ and nano‐meter sized posts, silicon wafer with
<100> orientation was cleaned followed by dehydration‐bake to take out the residual
water from the substrate. A high resolution positive resist PMMA (polymethyl
methacrylate) is then spin coated over the substrate. The sample is then pre‐baked to
remove the solvent from the photoresist. The next step was to design the checker board
pattern to be written on the PMMA. This pattern was then transferred over to the
PMMA on the substrate using electron beam lithography exposure. PMMA was
developed to remove the e‐beam exposed area from the sample. In the next step a thin
layer of gold was e‐beam deposited over the developed PMMA. E‐ Beam evaporation
was followed by the liftoff process which leaves behind the desired gold micro‐ and
nanometer sized square checker board structures on the substrate. Since, the
deposition of gold film by e‐ beam evaporation was melting the PMMA; the fabrication
of micro‐ and nano‐ structures was not reproducible. So, instead of using e‐ beam
evaporation, gold film deposition by sputtering was also tested.
Detailed explanation of the above fabrication process is given in the following sections
of the chapter. The process steps in the fabrication of these structures are presented in
the Figure 4.1 below.
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Figure 4.1 Process steps in the fabrication of gold micro‐ and nano‐ posts on silicon
substrate
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4.2 Substrate cleaning
The silicon substrate was cleaned by ultra‐sonication in acetone for 10 minutes.
Cleaning the substrate in acetone will remove any fingerprints, body oils or similar
residual organic contaminants. The sample is then rinsed in IPA to remove any residual
acetone. This is followed by DI water rinse and blow dry with N2 gun. The substrate was
placed on a hot plate for dehydration bake to remove any residual water from it.
Dehydration bake was done at a temperature of 1300C for 2.5 minutes.

4.3 Spin Coating PMMA
950K PMMA 8% solids in Anisole was spin coated on the clean substrate at a spin speed
of 4000 RPM for 30 seconds for a PMMA thickness of ≈775nm. Then the substrate was
soft baked at a temperature of 1800C for 2.5 minutes. This soft bake time and
temperature were taken from the PMMA positive photoresist datasheet. Soft bake step
removes solvents in the photoresist and dries the top surface of the substrate. PMMA
thickness measurements were carried out using the ellipsometer.

4.4 Electron Beam Lithography Patterning
After spin coating PMMA the substrate is now ready for pattern writing. The first step in
pattern writing was designing the pattern using the e‐Line GDSII editor. Square Checker
board patterns of 50 μm x 50 μm dimensions have been designed containing 500nm and
1μm squares. Optimum resolution needs optimum exposure dose. Initially a resolution
test was done over a wide dose range to determine the exact exposure parameters to
be used for writing the pattern. Dose test was done with area dose varied from 30
μC/cm2 to 480 μC/cm2 in steps of 30 μC/cm2 at 10 kV, 20 kV and 30 kV. From the dose
test it was determined that an area dose of 300μC/cm2 at 30 kV yielded good resolution
for both 500 nm and 1 μm squares. PMMA coated substrate was loaded into the
electron beam lithography station using e_LiNE software provided by Raith USA Inc.
Column settings were optimized to get a good exposure which includes proper focusing
on the sample, aperture alignment, astigmation correction and creating a contamination
dot on the sample. In the next step stage adjustment was done which allows navigation
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with a blanked beam on the sample in order to find a new exposure area without pre
exposing the area. Stage correction includes angle correction, origin correction and W
adjustment. For more detailed explanation about the electron beam lithography
process, one can refer the Nanolithography Software tutorials provided by Raith USA
Inc. After all the e‐ beam optimization and stage correction steps, the exposure
parameter calculations were done according to equation below using the calculator
provided in e_LiNE software.
Line Dose
Where I

I

T

⁄S pC/cm

is the beam current in Amperes, T

is the dwell time in seconds, and S

is the step size in cm.
Exposure parameters used for e‐beam patterning are tabulated in Table 4.1 below.
Table 4.1 Electron beam lithography exposure parameters for patterning gold checker
board patterns on silicon substrate

Settings

Area Exposure Parameters

Aperture size: 30 μm.

Area step size: 0.0192 μm

EHT: 30kV

Area Dwell Time: 0.000373 ms

W (Working distance): 10 mm

Area Dose: 300 μAs/cm2

Write field size: 100 μm
Beam Current : 0.296 nA

The next step following this exposure is development. Because, the photoresist is a
positive photoresist, in development step the regions exposed to the electron beam will
be removed. The development was done by agitating the sample in a bath of 1:3
methyl‐isobutyl ketone (MIBK): IPA for 3 minutes. Wafer was rinsed under running DI
water and blown dry with N2 gun.
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4.5 E‐ Beam evaporation of gold film
99.9% pure gold pellets for e‐ beam evaporation were obtained from Kurt J. Lesker, Inc.
The evaporation was done while the sample was held at a base pressure of 6.2e‐5 torr.
A constant voltage of 8 kV was maintained throughout the deposition process.
Deposition was carried out at a pressure of 1e‐4 torr, with deposition rate varying from
3 A0/s to 4 A0/s.

4.6 Sputter deposition of gold film
99.9% pure gold target for sputtering was obtained from Kurt J. Lesker, Inc. The sample
was held at a base pressure of 0.20 mTorr and Argon gas was passed to the chamber at
a flow rate of 15 scc/m. A constant power of 70W was supplied to the single target
sputtering system. The deposition was carried at a pressure of 3.7 mTorr and at a rate of
4.7 A0/s.

4.7 Liftoff process
Liftoff leaves behinds the desired features of gold over the Si sample. PMMA resist film
is effectively soluble in N‐methyl pyrolidinone (NMP) stripper, particularly when used at
50‐600C. In liftoff step, the sample was soaked in a beaker containing NMP Resist
Remover, which was previously heated to a temperature of 600C, for around 20 minutes
with mild agitation. After most of the metal has been lifted off the sample was sprayed
with NMP to peal out the remaining gold and then blown dry with N2 gun.

4.8 Gold film thickness measurement
The thickness of gold film was measured using the DEKTAK 6M surface profilometer
(Veeco, Inc). In order to measure the thickness of the gold accurately, a similar sample
(bare Si substrate) without the patterned PMMA layer was placed next to original
sample in the sample holder of the e‐ beam evaporation and sputtering system. From
the thickness of the gold on the bare silicon substrate, the thickness of the gold on the
actual sample was determined to be ≈260nm and ≈210nm for e‐ beam evaporated and
sputtered gold films respectively. The SEM images of the fabricated micro‐ and nano‐
structures are given in figures below.
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Figure 4.2 SEM image of 500 nm X 500 nm Au square structures fabricated on silicon
substrate

Figure 4.3 SEM image of 500 nm X 500 nm Au square structures fabricated on silicon
substrate, at higher magnification
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Figure 4.4 SEM image of 1 μm X 1 μm Au square structures fabricated on silicon
substrate

Figure 4.5 SEM image of 1 μm X 1 μm Au square structures fabricated on silicon
substrate, at higher magnification
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Figure 4.6 SEM image of 1 μm X 1 μm Au square structures fabricated on silicon using
sputtering technique. Closer view in the inset

Figure 4.7 SEM image of 1 μm X 1 μm Au square structures fabricated on silicon using
sputtering technique
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5

Fabrication challenges

Fabrication of gold micro‐ and nano‐structures on silicon substrate using e‐ beam
evaporated gold film wasn’t reproducible in the later runs.
Probable reasons for this poor fabrication results could be:
Distance between sample and source in the e‐beam evaporator used for fabrication
process was so short that the PMMA over silicon substrate was exposed to very high
temperatures. In some e‐ beam evaporation runs, there was some PMMA which was
not lifted off in NMP at 600 C even when it was exposed to the NMP as shown in figures
5.1 and 5.2 below.

Figure 5.1 PMMA remaining over silicon substrate after NMP liftoff process
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Figure 5.2 PMMA remaining over Si substrate after NMP liftoff process
The left over PMMA in the above figures might have been exposed to very high
temperatures, and hence the NMP liftoff was not complete in removing PMMA from the
substrate.
In other fabrication runs, no patterns could be seen after the evaporation. In the SEM
picture of such samples we can see the melted PMMA around larger features
(Numbering to differentiate various doses) as shown in Figure 5.3 below.
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Figure 5.3 SEM image of a failed sample where the PMMA melted around the features
Fabrication of gold micro‐ and nano‐structures on silicon substrate using sputtered gold
film was not successful because there was complete step coverage with sputtering as it
can be seen from Figures 4.6 and 4.7 above.
If the fabrication process were reproducible, then platinum micro‐ and nano‐ structures
would have been fabricated over the platinum microelectrodes. The next step after
fabrication process would be, testing the microelectrode with modified surface for
improved sensitivity and limit of detection (LOD).
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6

Conclusions and Future Work

A process was developed for fabricating 500 nm and 1 μm gold square checker board
patterns over Si substrate. Because the fabrication process which uses e‐ beam
evaporation was not reproducible because of the high temperatures in the e‐ beam
evaporator chamber, an alternative sputter deposition method was tested. In sputtered
samples, micro‐ and nano‐ structures had complete step coverage which made the
liftoff impossible. Because of these reasons, the fabrication of Pt micro‐ and nano‐
structures on the Pt microelectrode sensing site was not successful. Despite the above
mentioned reasons, the following conclusions can be drawn from the course of the
fabrication process.
•

Overdeveloped or overexposed arrays yielded better liftoff results. The reason
being, the unexposed PMMA squares to be removed by the liftoff process will be
well separated from each other without any linkage when the pattern is
overdeveloped or overexposed.

•

An area dose of 300 μC/cm2 was determined as the clearing dose for fabricating
both 500 nm and 1 μm gold square checker board patterns on Si substrate that
worked well with the liftoff process.

•

A higher accelerating voltage of 30 kV provided better results than 10 kV and 20
kV in the initial test.

Suggestions for future work
While using e‐beam evaporation for film deposition, care must be taken that the
distance between the source and the sample in the e‐beam evaporator chamber is long
enough to avoid the exposure of PMMA layer to high temperatures.
•

Sputtering parameters which can create undercut profile can be employed for
better liftoff results.

•

A thin layer of titanium nitride could be deposited over the substrate for better
adhesion of metal to the underlying substrate surface.
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7

Introduction to nanoparticle sensors

Light interaction with noble metal nanoparticles has been an extensive research area for
many decades. The colors of medieval stained glass windows and colloidal solutions can
be attributed to the absorption and scattering of light from noble metal nanoparticles
[23]. Gold and silver nanoparticles exhibit strong extinction bands in the visible‐ near IR
region of the spectrum. These strong absorption and scattering bands appear when the
incident photon frequency matches with the surface electron cloud oscillations of the
nanoparticle in response to the incident electric field [24]. This resonance phenomenon
of charge density oscillations at the interface of the metal nanoparticle and a dielectric
with dielectric constants of opposite signs is called localized surface plasmon resonance
(LSPR). Nanoparticle/localized surface plasmon resonance has been of tremendous use
in the detection and analysis of biological and chemical interactions in the biomedical
community.
Surface plasmon resonance band of nanoparticles is well established to be dependent
on the size, shape, spacing of the nano‐particles, as well as the dielectric constant of the
nanoparticle and its surrounding environment [25‐28]. The optical transduction of
biological and chemical interactions at the nanoparticle dielectric interface through LSPR
wavelength shift is an attractive way of bio‐sensing. Englebienne was the first to
demonstrate the bio‐sensing capability of gold nanoparticles. In his work, he showed
that the surface plasmon resonance wavelength of the functionalized colloidal gold
nanoparticles red shifts when an antibody interacts with its specific ligand[29].
The biochemical sensing mechanism of localized SPR sensors is similar to that of the
propagating SPR sensors, where the change in the refractive index at the metal
dielectric interface is measured in terms of shift in the angle of excitation or wavelength
in extinction spectrum. LSPR sensors have some distinctive advantages over traditional
propagation SPR biosensors. Some of them being sensing in smaller fluid volumes,
smaller sensing foot print down to single nanoparticle[30], greater electric field
enhancement at the surface of the nanoparticle, better selectivity due to its shorter
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electromagnetic field decay length[25], and improved limit of detection in terms of
number of molecules detected[23].
Gold and silver nanoparticles are the most frequently used metal nanoparticles for
biosensing because they exhibit resonance bands in visible region of the spectrum. Gold
nanospheres show one characteristic peak in the scattering spectrum at around 500 nm
depending on the diameter of the particles. As the particle becomes elongated along
one direction(i.e. forming a nanorod), the scattering spectrum shows two characteristic
peaks, one at higher frequencies called transverse resonance peak and the second one
at lower frequencies called longitudinal resonance peak. Transverse resonance peak
corresponds to the electron cloud oscillations along the short axis of the nanorods and
the longitudinal peak corresponds to the collective oscillations along the long axis of the
nanorods. With increase in the aspect ratio of the particle (which is the ratio of the long
axis length to short axis length of the nanorod), the energy separation between the
transverse and longitudinal resonance frequencies increases[31].
For an ellipsoid with diameter much smaller than the wavelength of light, the
absorption and scattering cross sections are given by the equations below[32].

6

| |

is the absorption cross‐section and

Where
the ellipsoid,

is the wave number, and

is the polarizability of an ellipsoid in a field

parallel to one of its principle axes. Polarizability

Where

is the volume of the ellipsoid,

material around the ellipsoid,

is the scattering cross‐section of

is given by the equation below[32].

is the dielectric constant of the dielectric

is the dielectric constant of the ellipsoid material and

is the geometrical factor given in the following equation[32].
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Where is the ellipticity. For spherical particles

The resonance condition occurs when the scattering or absorption cross section is
maximum, i.e., when the polarizability is maximum, which leaves us the following
condition for resonance.
0
1

For ellipsoid,

2

For Sphere,
For other resonances,

1, and 1

> 2

, so we need a larger value of

for satisfying the resonance condition. As we know that

for metals becomes more

negative with increasing wavelengths, the resonance for higher modes red shifts to
higher wavelengths.

7.1 Background for LSPR sensors
Despite the various advantages of the LSPR sensors, an important drawback of these
sensors is that they are susceptible to background interferents because any change of
local dielectric constant results in a shift of the resonance wavelength. Even though
there has been a substantial amount of research on nanoparticle SPR sensors for years,
we can observe a clear absence of a self referencing technique to differentiate bulk
refractive index changes from the surface binding changes. Because of the absence of
self referencing mechanism for LSPR sensors they remain susceptible to interference
because they respond to specific and non‐specific binding and as well as to the bulk
refractive index changes. This poses a challenge for field deployment of LSPR sensors
that will be used in unknown solutions encountered in environmental monitoring,
medical care and food safety applications.
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The basic form of propagating SPR sensors measures only one parameter, either
resonance wavelength or excitation angle of resonance, which makes it impossible to
distinguish specific and non specific effects. In order to provide reference compensation,
some SPR systems also interrogate a separate reference channel on the sensor in
addition to the sensing channel [33]. Dual channel systems can compensate for small
changes in the non‐specific surface binding and bulk refractive index if they have same
effect on sensing channel and reference channel. The presence of the recognition
element on the sensing channel and the spatial separation between the sensing and
reference channels are the factors which might introduce a difference in sensing and
reference channels response to non‐specific effects.
The drawbacks in the self referencing mechanism for propagating SPR sensors hold good
even for localized SPR sensors. In contrast to dual channel reference compensation
approach, the self referencing mechanism proposed in the present work uses same
nanoparticle’s response for compensating non‐specific effects. This approach will
eliminate any error providing self referencing for each sensing site.
As an effort to distinguish surface binding changes and bulk refractive index changes,
Raghunandan et al. [34] and Homola et al. [35] developed a self referencing mechanism
for propagation SPR sensors. This technique uses short range and long range resonance
modes to distinguish the surface and bulk changes. The self referencing approach
proposed in this work is an adaption of the self referencing mechanism for propagation
SPR sensors used in [34] to nanoparticle array SPR sensors.

7.2 Self referencing for LSPR sensors
The key concept introduced in the present work is the exploitation of nanoparticle
multiple resonance modes to differentiate specific and non‐specific interactions. As we
know, the elliptical shaped nanorod show two resonance modes namely, transverse
mode and longitudinal mode. Let us assume that the change in the resonance
wavelengths are linearly related to the thickness of the surface bound layer and the
change in the solution refractive index. Now we can express the change in the
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transverse and longitudinal resonance wavelengths in terms of surface binding and bulk
refractive index sensitivities, adsorbed layer thickness and refractive index change in the
bulk solution.
∆
∆
Where

and

are the surface binding sensitivities,

and

are the

bulk refractive index sensitivities for transverse and longitudinal resonance modes,
and

are the adsorbed layer thickness change and refractive index changes

respectively. If we can calibrate the surface binding and bulk refractive index
sensitivities of the transverse and longitudinal modes, and experimentally measure
change in the transverse and longitudinal resonance wavelengths in response to surface
binding and bulk refractive index changes, then the adsorbed layer thickness change and
refractive index changes can be calculated using the equations below.
∆

∆

∆

∆
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8

Sensor Modeling

8.1 Overview
The modeling and simulation of nano‐rod array LSPR sensor response are presented in
this chapter. Finite‐element analysis has been carried out to study the resonances of the
nano‐rod array. As the surface plasmon resonance wavelengths are a function of nano‐
rods length, width, thickness, spacing and surrounding refractive index, varying these
parameters in the simulations will provide a great deal of tunability to the nano‐rod
array LSPR sensor. The finite difference time domain (FDTD) simulations of nano‐rod
arrays provided in reference [36] served as a good starting estimate for the nano‐rod
array design. The initial values of length, width and spacing for nano‐rod fabrication
have been identified from this analysis.
The simulation results presented in this chapter are obtained by using COMSOL
Multiphysics tool. COMSOL Multiphysics is an interactive environment for modeling and
solving scientific and engineering problems based on partial differential equations
(PDEs). When solving the PDEs, COMSOL Multiphysics uses finite element method
(FEM). It internally compiles a set of PDEs representing the entire model.

8.2 Modeling gold nano‐rod array
A 3‐D model of nano‐rod array was built using electromagnetic waves application mode
in the RF module of COMSOL Multiphysics. 2‐D geometry of the application mode was
also included into Multiphysics using the model navigator to facilitate the extrusion of
the 2‐D ellipse in the 3‐D model. The dependent variable in this electromagnetic waves
application mode is the electric field E, which obeys the following relation:
0
Where μr denotes the relative permeability, ω the angular frequency, σ the conductivity,
ε0 the permittivity of vacuum, εr the relative permittivity, and k0 is the wave number.
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The first step in the modeling is drawing different layers of the model using the COMSOL
CAD tool. A screen shot of the model with all the 4 layers along with the nanorod is shown
in Figure 2.1. X and Y dimensions of each layer are chosen such that the gap along the length
of the rods is 50 nm and gap along the width of the rods is 260 nm. The layers from top to
bottom are modeled as Perfectly Matched Layers (PML), air, ITO and glass with 50 nm, 300
nm, 150 nm and 100 nm thicknesses respectively. 2‐D ellipse was extruded into the 3‐D
model with its long‐axis aligned with the x‐axis and its short‐ axis aligned with the y‐axis. The
thickness of the nanorod was modeled to be 40 nm.
To avoid multiple reflections from the open air boundary and to make it absorbing, a PML
layer of arbitrary thickness was modeled outside the air boundary and adjacent to it. A PML
is an additional domain that absorbs the incident radiation avoiding the reflections. This
PML material has permittivity and permeability that match the permittivity and permeability
of the medium outside it in such a way that there are no reflections [37].
In the next step, all of the physics parameters need to be specified. Since the variations in
time are not significant in this problem, time harmonic analysis which lets us to formulate
stationary problem was chosen for solving. In application mode properties, the wave was
specified by the free space wavelength. Because we are using periodic boundary conditions
in our COMSOL problem, Gauss' law must be explicitly added as a separate equation for
numerical stability of the model. This was done by setting the Divergence condition property
to On in the Application Mode Properties dialog box [37]. In the present model, sub‐
domains and boundaries are the areas that need specific parameters for modeling. In this
model we have 5 sub‐domains namely, PML, air, gold nano‐rod, ITO and glass. The complex
dielectric permittivity value for gold was taken from P. B. Johnson and R. W. Christy [38]. The
material properties for ITO and air were specified by setting their refractive index values to 2
and 1 respectively. The complex dielectric permittivity values of gold and glass are specified
in the model by using a custom MATLAB function eps_interp_CM(material,lambda) which
returns the complex dielectric constant of the material at specified range of wavelengths. It
is important to note that the material properties for PML should be matched to its adjacent
layer (which is air in this case) to avoid erroneous solution. While specifying the sub‐domain
setting for PML, it was set to be absorbing in Z direction as the input wave propagates along
Z‐ axis.
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Figure 8.1 CAD drawing of the nanorod model
In the current problem we have 5 groups of boundaries. All left side and right side
boundaries are set to continuity periodic condition with a periodic pair index 0 and all the
front and back side boundaries are set to continuity periodic condition with a periodic pair
index 1. This specifies that the gold nanorod is not standing alone and is surrounded by an
infinite array of periodic particles. The bottom and top open boundaries are set to scattering
boundary condition since it is perfectly absorbing for a plane wave. The bottom boundary
serves as the source for the incident electric field, as the incident light enters the sample
from the glass side in the actual experiment, and top most boundary as the destination.
While setting the source boundary conditions, the incoming electric field was polarized in X
and Y directions (45° to the nanorod’s principle axes) and its propagation direction was set
to positive Z. All the internal boundaries, including the nanorod surfaces, were set to
continuity.
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The next step is to generate the mesh. In the present model, as we are dealing with
electromagnetic phenomena, the effects on fields near the interfaces between materials are
of high interest. For accurate results in this case, it is necessary to generate a very fine mesh
in these areas [37]. As it can be seen from Figure 8.2, there are finer mesh elements inside
and around the nanoparticle than at the boundaries of the model. COMSOL uses an
algorithm to accommodate finer mesh elements where the fields change quickly. The total
number of mesh elements is only limited by the available memory and processing time [39].
In the final step, parametric direct solver was invoked to solve the problem in the 400 nm to
1000 nm wavelength range. The solver returns time averaged power outflow and field
profile of the model for the specified wavelength range.

Figure 8.2 Meshed nanorod model
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As we know the incident electric field, we can calculate the input power flow at the
source boundary by using the equation below.
2 ·

2 · 120 ·

Where P is in Watts, E is the time averaged value of field in volts/meter and Z0 = 377
ohms is the characteristic impedance of free space, εglass is relative permittivity of glass
and A is the area of the source boundary in m2. Now we can calculate the net power
flow at the source boundary by integrating the time averaged power outflow returned
by COMSOL over the source boundary. As we know the input power and net power
across the source boundary, now we can calculate the reflected power by using the
equation below.
Reflected power = Net power – Input power
For 80 nm length nanorod, with 33 nm width, 50 nm gap along the long axis and 260 nm
gap along the short axis, the calculated reflected power is shown in Figure 8.3.
Percentage reflection can be calculated by using the equation given below.
Reflection % = Reflected power / Reference power
Where Reference power is the reflected power calculated by solving the model without
nanorod in it. The reference power for 80 nm length nanorod can be seen in Figure 8.3.
Figure 8.4 shows the reflection % for 80 nm length nanorod model. We can see from the
figure that the transverse and longitudinal resonances appear at approximately 560 nm
and 740 nm respectively.
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Figure 8.3 Reflected and reference power for 80 nm length nano‐rod, with 33 nm width,
50 nm gap along the long axis and 260 nm gap along the short axis

Figure 8.4 Reflection % for 80 nm length nano‐rod, with 33 nm width, 50 nm gap along
the long axis and 260 nm gap along the short axis
It is already known from the previous studies, that the metal nanoparticle arrays cause
local electromagnetic field enhancement at the surface of the nanoparticles [23]. The
field profiles for 80 nm length nano‐rod model at the resonant wavelengths are shown in
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Figures 11.6 and 11.7. We can see that there is a field enhancement at the edge of the
nano‐rod by a factor of 3 and 23.4 at 560 nm and 740 nm respectively. As we can see from
Figure 8.4, the reflection% has a spike at 680 nm which is not real. We suppose these spikes
appear because of coarse mesh elements and that generating a finer mesh might eliminate
these spikes.

Table 8.1 Transverse and longitudinal resonance wavelengths from simulated COMSOL
model for different lengths of nanorods with 33 nm width, 50 nm gap along the long
axis and 260 nm gap along the short axis

Length of the

Transverse mode resonance

Longitudinal mode resonance

nanorods

wavelength (nm)

wavelength (nm)

50 nm

570

650

58 nm

570

670

70 nm

570

710

80 nm

570

740

88 nm

570

760

95 nm

570

790

108 nm

570

830
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9

Sensor Fabrication

9.1 Overview
To begin the fabrication of SPR sensor, the indium tin oxide (ITO) coated glass substrate
was cleaned followed by dehydration‐bake to take out the residual water from the
substrate. A high resolution positive resist PMMA (polymethyl methacrylate) is then spin
coated over the substrate. The sample is then pre‐baked to remove the solvent from the
photoresist. The next step was to design the nanorod array pattern to be written on the
PMMA. This pattern was then transferred over to the PMMA on the substrate using
electron beam lithography exposure. PMMA was developed to remove the e‐beam
exposed area from the sample. In the next step a thin layer of gold was sputtered over
the developed PMMA. Sputtering is followed by the liftoff process which leaves behind
the desired gold nanorod array. Detailed explanation of the above fabrication process is
given in the following sections of the chapter. The process steps in the fabrication of the
nanorod array are presented in the Figure 9.1 below.

9.2 Sample selection and cleaning
Indium tin oxide coated glass substrates were used for the SPR sensor fabrication. The
ITO layer over the glass will provide good conductivity reducing the charging of the
substrate surface. The ITO coating was ≈150nm thick. These glass substrates were
purchased from Delta Technologies, Ltd (Stillwater, MN). The thickness of the ITO was
confirmed to be ≈150nm by the ellipsometer measurements.
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Figure 9.1 Process steps in the fabrication of nanorod arrays
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The ITO coated substrate was cleaned by ultrasonication in acetone for 10 minutes as
recommended by the supplier. Cleaning the substrate in acetone will remove any
fingerprints, body oils or similar residual organic contaminants. The sample is then
rinsed in IPA to remove any residual acetone. This is followed by DI water rinse and blow
dry with N2 gun. The substrate was placed on a hot plate for dehydration bake to
remove any residual water from it. Dehydration bake was done at a temperature of
1300C for 2.5 minutes.

9.3 Spin Coating PMMA
950K PMMA 2% solids in Anisole was spin coated on a clean substrate at a spin speed of
1700 RPM for 30 seconds for a PMMA thickness of ≈110nm. Then the substrate was soft
baked at a temperature of 1800C for 2.5 minutes. This soft bake time and temperature
were taken from the PMMA positive photoresist datasheet. Soft bake step removes
solvents in the photoresist and dries the top surface of the substrate. PMMA thickness
measurements were carried out using the ellipsometer. Spin speed curve for PMMA
950K A from Microchem Inc. is given in Figure 9.2.

Figure 9.2 Spin speed curve for 950PMMA A Resists [40]
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9.4 Electron Beam Lithography Patterning
After spin coating PMMA the substrate is now ready for pattern writing. The first step in
pattern writing was designing the pattern using the e‐Line GDSII editor. Nanorod arrays
of 50 μm x 50 μm dimensions in square patterns have been designed with varying
lengths and same spacing as mentioned in the modeling section above. Optimum
resolution requires optimum exposure dose. Initially a resolution test was done over a
wide dose range to determine the exact exposure parameters to be used for writing the
nanorod array pattern. Dose test was done using 300pC/cm base line dose with dose
factors varying from 0.5 to 3 in steps of 0.5. From the dose test it was determined that a
line dose of 300pC/cm yielded good resolution. Zero width lines created in the pattern
were around 33nm wide after the fabrication process. PMMA coated substrate was
loaded into the electron beam lithography station using e_LiNE software provided by
Raith USA Inc. Column settings were optimized to get a good exposure which includes
proper focusing on the sample, aperture alignment, astigmation correction and creating
a contamination dot on the sample. In the next step stage adjustment was done which
allows navigation with a blanked beam on the sample in order to find a new exposure
area without pre exposing the area. Stage correction includes angle correction, origin
correction and W adjustment. For more detailed explanation about the electron beam
lithography process, one can refer the Nanolithography Software tutorials provided by
Raith USA Inc. After all the e‐beam optimization and stage correction steps, the
exposure parameter calculations were done according to equation below using the
calculator provided in e_LiNE software.
Line Dose

I

T

⁄S

pC/cm

Where Ibeam is the beam current in A, Tdwell is the dwell time in s and S is the step size in
cm
Exposure parameters used for nanorod array patterning are tabulated in Table 9.1
below. A low accelerating voltage of 10kV was chosen to give an undercut profile which
is suitable for liftoff process.
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Table 9.1 Exposure parameters for nanorod array patterning
Settings
Aperture size: 30 μm.
EHT: 10kv
W (Working distance): 10 mm
Write field size: 100 μm
Beam Current : 0.096 nA
Line Exposure Parameters

Area Exposure Parameters

Line step size: 0.0100 μm

Area step size: 0.02 μm

Line Dwell Time: 0.003114 ms

Area Dwell Time: 0.0041 ms

Line Dose: 300 pAs/cm

Area Dose: 100 μAs/cm2

The next step following this exposure is development. Because, the photoresist is a
positive photoresist, in this development step the regions exposed to the electron beam
will be removed. The development was done by agitating the sample in a bath of 1:3
methyl‐isobutyl ketone (MIBK): IPA for 1 minute 30 seconds. The wafer was rinsed
under running DI water and blown dry with N2 gun.

9.5 Sputtering gold film
Gold was deposited over the developed PMMA layer using sputtering. A 99.9% pure
gold target for sputtering was obtained from Kurt J. Lesker, Inc. The sample was held at
a base pressure of 0.20 mTorr and Argon gas was passed into the chamber at a flow rate
of 15 scc/m. A constant power of 70 W was supplied to the single target sputtering
system. The deposition was carried at a pressure of 3.7 mTorr and at a rate of 4.8 A0/s.
Sputtering was chosen for gold film deposition because the thickness of the sputtered
gold film is uniform when compared to that of the e‐beam evaporated gold film.
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9.6 Liftoff process
Liftoff leaves behinds the desired features of gold over the ITO layer. PMMA resist film is
effectively soluble in N‐methyl pyrolidinone (NMP) stripper, particularly when used at
50‐600C. In the liftoff step, the sample was soaked in a beaker containing NMP Resist
Remover, which was previously heated to a temperature of 600C, for around 5 minutes
with mild agitation. After most of the metal has been lifted off the sample was sprayed
with NMP to peal out the remaining gold and then blown dry with N2 gun. Because of
the undercut profile, high enough dose, and long development time, the liftoff process
cleared the entire unwanted metal layer completely.

9.7 Gold film thickness measurement
The thickness of gold film was measured using the DEKTAK 6M surface profilometer
(Veeco, Inc). In order to measure the thickness of the gold accurately, a similar sample
(glass slide) without the patterned PMMA layer was placed next to original sample in
the sample holder of the sputtering system. From the thickness of the gold on glass
slide, the thickness of the gold on the actual sample was determined to be ≈40nm.
Gold nanorod array patterns were inspected by SEM to ensure that all excess metal was
lifted off completely. The SEM images of the fabricated nanorods which are 33 nm wide,
with 50 nm separation along their long axis, 260 nm separation along their short axis
and with six different increasing lengths: 65nm, 70nm, 80nm, 88 nm, 95 nm and 108 nm
are shown in Figure 9.3.
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Figure 9.3 SEM images of fabricated nanorods which are 33 nm wide, with 50 nm
separation along their long axis, 260 nm separation along their short axis and with six
different increasing lengths: A) 65nm, B) 70nm, C) 80nm, D) 88 nm, E) 95 nm and F) 108
nm
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10 Experimental Section
10.1 Experimental Setup
This chapter explains the experimental setup used for testing the LSPR sensor. The goal
of the test setup is to introduce incident light from the white light source on to the array
of nanorods on the LSPR sensor and then collect the reflected spectrum and plot the
reflectance vs. wavelength. The schematic of overall setup is shown in Figure 10.1
below.

Figure 10.1 Schematic of the experimental setup for reflection spectrum measurements
A customized acrylic flow cell with transparent FEP coated surfaces was made to suit the
dimensions of the substrate. The ITO coated glass substrate, with the fabricated
nanorod square arrays over it, was clamped in the flow cell and sealed with an o‐ring
silicone gasket (Small Parts Inc.). Fluids were delivered to the sensor through Teflon
(PTFE) tubing by a low pulsation 12 roller peristaltic pump (Ismatec, Inc.). Flow cell with
the substrate was clamped over the sample holder of the inverted optical microscope.
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Initially, light from a tungsten halogen lamp (Model DH‐2000, Ocean Optics, Inc.) was
sent onto the sample over the microscope through a 200 μm core multi‐mode optical
fiber. A collimating lens was used to focus light from the fiber through polarizer
(ThorLabs, Inc.), objective lens and onto the sensor. Care was taken such that the
diameter of the light spot from the fiber focused onto the sample was smaller than that
of the dimensions of the 50 μm x 50 μm square nanorod arrays. This step confirms that
we are collecting the reflected light from the nanorod array area of the sample and not
from the any other area without nanorod array. The light spot from the fiber was
aligned to the center of a crosshair reticule which makes further measurements
straightforward. After focusing the spot onto the sample, the optical fiber connected to
the tungsten halogen light source was switched to a UV‐NIR spectrometer (Model
HR4000CG, Ocean optics, Inc.) which will now work as the detection path.
For reflection spectrum measurements, nanorods were illuminated with a white light
source (Olympus, Corp.) sent through 10x microscope objective (Model AxioVert 405M,
Carl Zeiss Optical, Inc., infinity corrected, NA = 0.25, working distance = 10.6 mm), which
focused the light on the sample. The reflected light that passed back through the
microscope objective and the polarizer was collected into the optical fiber connected to
the spectrometer, as mentioned above. The spectrometer was interfaced to a computer
through USB port to plot the reflection spectrum using Spectrasuite spectrometer
operating software (Ocean optics, Inc.). The entire image of experimental setup with
the sample placed over the microscope is given in the Figure 10.2 below. As we can see
the fluids are introduced into the flow cell from one tube entering the flow cell using a
peristaltic pump and the waste is collected in a container from the other tube leaving
the flow cell.
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Figure 10.2 Image of the experimental setup for the reflection spectrum measurements
with the glass sample clamped inside the flow cell

10.2 Description of the experiment
Two experiments were carried out, one to study the effect of change in nanorods length
on the longitudinal and transverse resonance peaks and the second experiment to study
the self referencing capability of the localized SPR sensor.
All experiments were done at room temperature using the flow rate of 0.300ml/sec.
Before the reflection spectrum measurement, the dark spectrum was measured and
subtracted from all the subsequent spectra to account for the background light and
detector noise. For a reflection reference, a reflection spectrum was taken from an area
without the nanorod arrays on the actual sample. Reference spectrum was taken only
after setting the polarizer angle to a desired value.
44

Description of Experiment 1:
The effect of varying nanorods length on longitudinal and transverse resonance peaks
was examined by measuring the reflection spectrum of nanorods in air with 8 different
increasing lengths of rods: 50nm, 58nm, 65nm, 70nm, 80nm, 88 nm, 95 nm and 108 nm.
All these rods were 33 nm wide, with a 50 nm separation along their long axis and a 260
nm separation along their short axis. Reflection measurements were carried out with
light polarized at an angle of 450 to the nanorod. The experimental results of this
experiment are shown in section 11.1.
Description of Experiment 2:
To demonstrate the self referencing capability of the sensor, the shift in the longitudinal
and transverse resonance peaks with bulk refractive index changes and surface binding
changes is examined through this experiment. The bulk refractive index changes are
studied by passing 50% by volume glycerol; and the surface binding effect is examined
by passing 100μM Bovine Serum Albumin (BSA) into the flow cell.
Steps in the experiment:
1. After each fluid is flowed into the flow cell and input light is focused onto the
sample, the light spot from the fiber was adjusted to fit within the nanorod
array. Polarizer was adjusted for either longitudinal, transverse, or 45°
polarization, and then dark and reference spectrums were stored. This step is
repeated whenever there is a change in the fluid flow into the cell or whenever
there is a change in the polarization.
2. First, water was pumped into the flow cell setup. Polarizer was set at an angle of
450 to the long axis of the nanorods. Now the reflection spectrum of the
nanorods of 4 different lengths: 65nm, 68nm, 80nm, 88 nm lengths was
measured. After this, the polarizer was set for longitudinal and transverse
polarizations and again the reflection spectrum measurements were taken for all
the 4 different lengths of the rods. When TE is polarized at an angle of 450 to the
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long axis of the nanorods we can observe both longitudinal and transverse peaks
as shown in Figure 11.2.
3. In the next step, 50% glycerol was flown into the flow cell. As we can observe
from Figure 11.2 both longitudinal and transverse peaks red shift due to the
increase in the refractive index of the surrounding medium of the nanorods.
Note that the longitudinal mode which has higher electric filed enhancement is
more sensitive to this bulk refractive index change than the transverse peak.
4. The flow stream was then switched to water. In this step the resonance peaks
blue shift, back to their previous values as in step 2.
5. Now the stream is switched to 100μM BSA to examine the surface binding effect.
The BSA gradually binds to the nanorods and since the 100μM is a saturated
concentration it will cover the whole nanorods surface in around a minute. Here
we can observe from Table 11.5, that the transverse peak is more sensitive to
this surface binding event than the longitudinal resonance peak.
6. In this step, the flow stream is switched back to water, which rinses away excess
BSA. Since a layer of BSA is still partially covering the nanorod surface, the
resonance wavelengths are higher than that in steps 2 and 4 in which water was
pumped into the flow cell but without any previous surface binding event. This
higher resonance wavelength with water over the nanorods, confirms that our
sensor is sensitive to the surface binding event.
7. The flow stream is then switched to glycerol again; the only difference being this
time the BSA layer is bound to the sensor nanorods surface. The sensor works as
expected as it can be seen from Table 11.2.
8. At the end, water was flown through the sensor which ends the experiment. The
spectrum comes back to the original position.
Measurements were carried out for all the 4 lengths of rods with 450 polarization when
each fluid was passed into the flow cell. These spectra are presented in the results
section of the document.
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Precautions for future experiments:
•

For each measurement, care must be taken that the polarizer angle is changed
only before storing the reference spectrum.

•

In order to avoid the formation of air bubbles, switching the flow from one fluid
to another should be done quickly and the pump rate should be maintained.

•

Care must be taken that the fluid is sealed inside the o‐ring gasket so that it does
not leak into microscope objective.

•

The room light must be reduced to maintain minimum external light entering the
sensor setup.

•

The setup must be left undisturbed; to make sure that the light is collected from
the desired area of the sample.
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11 Experimental Results and Discussion
11.1 Experiment 1: Reflection spectrum for nanorods of different lengths
Reflection spectrum for nanorods of 8 different lengths: 50nm, 58nm, 65nm, 70nm,
80nm, 88 nm, 95 nm and 108 nm with TE polarized at an angle of 450 to the nanorods is
shown in Figure 11.1 below. As it can be seen from the figure the transverse peaks did
not shift substantially with the change in nanorods length which is expected. The
longitudinal peaks red shifted significantly as the length of the rod increases. This trend
is in good agreement with the results provided in Elizabeth J. Smythe et al.[36]. As
mentioned above all these rods are 33 nm wide, with a 50 nm separation along their
long axis and a 260 nm separation along their short axis.
Because of the detector noise, it is difficult to estimate the peak wavelengths. Parabola
fitting has been done using Matlab code to pick the peak resonance wavelengths. Table
11.1 shows the longitudinal resonance wavelengths for different lengths of nanorods.
There is an average shift of 30 nm in the longitudinal resonance wavelength with a 10
nm increase in nanorod length. The difference in longitudinal resonance wavelength
between 50 nm and 108 nm length rods is 197 nm.

48

Figure 11.1 Transverse and longitudinal resonance peaks for different length nanorods
with 33 nm width, 50 nm gap along the long axis and 260 nm gap along the short axis
Table 11.1 Transverse and longitudinal resonance wavelengths different lengths of
nanorods with 33 nm width, 50 nm gap along the long axis and 260 nm gap along the
short axis

Length of the

Transverse mode resonance

Longitudinal mode resonance

nanorods

wavelength (nm)

wavelength (nm)

50 nm

593

700.4

58 nm

593

727.5

65 nm

593

751

70 nm

592

786

80 nm

593

815

88 nm

593.3

845

95 nm

593.4

875

108 nm

593

897
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11.1.1 Probable reasons for mismatch in the simulated and experimental results
We can see from Tables 8.1 and 11.1 that there is a difference between the simulated
resonance wavelengths and the experimental resonance wavelength read outs. All the
nanorods of different lengths exhibit similar trend; however, the simulated resonance
bands are generally blue shifted and narrower than those which are experimentally
measured from the nanorods of same size and spacing. We can attribute these
differences to the variations between the simulated and experimental conditions. The
fabricated nanorods have imperfections left behind by the electron beam lithography
and lift off processes. These imperfections can be differences in length, width and gaps,
rough sides and non‐uniform thickness of the fabricated nanorods. Whereas, the
simulated model has nanorods which are smooth and uniform in shape with equal
spacing between the nanorods. Also, the incident light in the simulated model was
normal to the nanorod array surface, whereas the light in the experimental setup was
focused by the microscope objective which might have undergone angular divergence in
the process. In addition, the ITO layer on the purchased glass substrates had a thickness
error of ±20nm, whereas the ITO layer thickness specified in the simulated model was a
constant value (150 nm). These differences in the simulated and experimental
conditions contributed, in various ways, to the discrepancies between the simulated
results and experimental readouts.

11.2 Experiment 2: Self referencing approach and detection
For a sensor to have self referencing capability to differentiate bulk refractive index
changes and surface binding, it should have two resonant modes which respond
differently to these effects. To test our sensor for reference compensation, its response
was observed with bulk refractive index changes, surface binding changes and in the
presence of both the effects.
It is already mentioned that, as the refractive index of the medium around the nanorods
increases, the amplitude of the electric field incident on the nanorods decreases. This
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decrease in the incident electric field reduces the force on the electrons and slows down
their oscillations resulting in a red shift in the resonance wavelengths [36].
Change in background refractive index was achieved by passing 50% by volume glycerol,
which was followed by passing water once again to get a uniform baseline. Then 100 μM
BSA solution was passed to the sensor surface to form a uniform surface layer. The 100
μM BSA solution was flowed until it completely binds to the nanorods surface, which
was indicated by the stabilization of the resonance wavelengths. This stabilization takes
about 2‐3 minutes and it is assumed that 100 μM BSA solution provides a complete
coverage over the nanorod.
To explain the working of nanorod array sensor, an array of nanorods which are 70 nm
in length, 33 nm in width, with a 50 nm separation along their long axis and a 260 nm
separation along their short axis is chosen. Initially, the measured transverse and
longitudinal resonances of 70 nm nanorod array in water were peaked at 621 nm and
791 nm respectively as shown in Figure 11.2. After water, the flow was switched to
50%V glycerol. The transverse and longitudinal resonance peaks red shift in the
presence of 50%V glycerol to 626.6 nm and 802 nm respectively because of the increase
in the surrounding refractive index from 1.33 with water to 1.3982 with 50%V glycerol.
When the flow was switched back to water the transverse and longitudinal peaks shifted
back to the 621 nm and 791 nm as expected.
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Figure 11.2 Reflection spectrum for 70 nm length nanorod array with DI Water and 50 %
V Glycerol flown over the nanorods
When water flow was switched to 100 μM BSA, it starts binding to the surface of the
nanorods changing the refractive index of the medium around the nanorod which
causes a red shift in the transverse and longitudinal peaks to 624.8 nm and 799.3 nm
respectively after stabilization. Reflection spectrum of the nanorods in water and in 100
μM BSA is shown in Figure 11.3 below. Since we are using 100 μM BSA concentration,
the red shift in the transverse and longitudinal peaks is not only due to the surface
binding the BSA but also due to the bulk refractive index change from the BSA flowing as
bulk fluid.
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Figure 11.3 Reflection spectrum for 70 nm length nanorod array with DI Water and 100
μM BSA flown over the nanorods
Now when water was flown after BSA binding, the resonance peaks shift from 621 nm
and 791 nm in water before BSA binding to 623.7 nm and 792.8 nm in water after BSA
binding which can be seen from Figure 11.4 below. This 2.7 nm and 1.8 nm red shift in
transverse and longitudinal peaks can be completely attributed to the full surface
binding of BSA.
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Figure 11.4 Reflection spectrum for 70 nm length nanorod array with DI Water flown
over the nanorods and with 100 μM BSA bounded to the nanorod’s surface
To test the response of the sensor in the presence of both bulk refractive index change
and surface bounded layer, 50 % v glycerol was again flown into the flow cell in the
presence of the BSA layer bounded to the nanorod’s surface. In the presence of both
the effects, the transverse and longitudinal resonance peaks red shift to 628.5 nm and
800.5 nm respectively, which is a 7.5 nm and 9.5 nm shifts in transverse and longitudinal
peaks respectively.
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Figure 11.5 Reflection spectrum for 70 nm length nanorod array with DI Water flown
over the nanorods and with 50% V Glycerol flown over the nanorods + 100 μM BSA
bounded to the nanorod’s surface
We can see that the transverse resonance mode response is almost in agreement with
the relationship given by the equation below, which means that the transverse mode’s
response in the presence of both bulk and surface changes is additive in nature and off
by < 1 nm.
∆
As we can observe from the longitudinal resonance mode’s wavelength shift in response
to both bulk and surface binding changes together, is not additive and is less than the
sum of the bulk response and surface change response, which means that the following
relation for the longitudinal resonance wavelength is not exactly satisfied.
∆
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Even though the longitudinal resonance mode is more sensitive to the refractive index
changes, because of the higher electric filed enhancement, the shorter electric field
decay length of the longitudinal resonance mode obliges it to experience a reduction in
its response in the presence of surface adsorbed analyte layer.
Figures 11.6 and 11.7 show the plot of normal component of electric field over a slice
passing through the center of the thickness of nanorod when incident electric field is
polarized along the short axis and long axis of the nanorod. From the figures it can be
seen that the electric field enhancement for transverse mode extends deeper into the
bulk area than that of the longitudinal mode. We can also notice an enhancement in the
normal component of the electric field by factors of 3 and 23.7 for transverse resonance
mode and longitudinal resonance mode respectively.

Figure 11.6 Field enhancement by a factor of 3 for transverse resonance mode
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Figure 11.7 Field enhancement by a factor of 23.7 for longitudinal resonance mode
The transverse and longitudinal resonance peaks wavelength shift in the presence of
bulk refractive index change, surface bounded layer, and in the presence of both the
effects for 70 nm length nanorod array are presented in the Table 11.2 below.
Table 11.2 Transverse and longitudinal resonance peaks wavelength shift in the
presence of bulk refractive index change, surface bounded layer, and in the presence of
both the effects for 70 nm length nanorod array

Surface binding

Bulk refractive index

Both the effects

change
Transverse Longitudinal Transverse

Longitudinal Transverse

Longitudinal

peak

Peak

Peak

Peak

5.6 nm

11 nm

5 nm

10 nm

peak
2.7 nm

1.8 nm
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peak
7.7 nm

10 nm

7.5 nm

9.5 nm

Two other arrays with 65 nm and 80 nm length rods which have same width and same
separation along their length and width, followed similar trend in response to bulk
refractive change, surface binding effect and when both the effects are present
together. The transverse and longitudinal resonance peaks wavelength shift in the
presence of bulk refractive index change, surface bound layer, and in the presence of
both the effects for 65 nm and 80 nm length nanorod arrays are presented in the Tables
11.3 and 11.4 below.
Table 11.3 Transverse and longitudinal resonance peaks wavelength shift in the
presence of bulk refractive index change, surface bounded layer, and in the presence of
both the effects for 65 nm length nanorod arrays

Surface binding

Bulk refractive index

Both the effects

change
Transverse

Longitudinal Transverse

Longitudinal

Transverse

Longitudinal

peak

Peak

Peak

peak

Peak

peak

4.5 nm

11.4 nm

5.2 nm

3.2 nm

9.1 nm

8 nm

4.5 nm

11 nm

5.3 nm

2.4 nm

8.5 nm

8.3 nm
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Table 11.4 Transverse and longitudinal resonance peaks wavelength shift in the
presence of bulk refractive index change, surface bounded layer, and in the presence of
both the effects for 80 nm length nanorod arrays

Surface binding

Bulk refractive index

Both the effects

change
Transverse Longitudinal Transverse

Longitudinal

Transverse

Longitudinal

peak

Peak

peak

Peak

Peak

7.3 nm

8.4 nm

7 nm

6.4 nm

peak
2 nm

1.1 nm

8.9 nm

7.4 nm

Sensitivities of transverse and longitudinal peaks of 65nm, 70nm and 80 nm length
nanorod arrays to bulk refractive change and surface binding changes are presented in
the Table 11.5 below.
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Table 11.5 Sensitivities of transverse and longitudinal peaks of 65nm, 70nm and 80 nm
length nanorod arrays to bulk refractive change and surface binding changes

Length of the
nanorods

Bulk sensitivity
(nm/RIU)

Surface sensitivity(nm/full
coverage)

Transverse
peak

Longitudinal
Peak

Transverse
peak

Longitudinal
Peak

65 nm

66

167

5.2

3.2

70 nm

82

161.3

2.7

1.8

80 nm

107

123

2

1.1

From the above sensitivity values we can see that longitudinal peak is more sensitive to
the bulk refractive index change than the transverse peak and the transverse peak is
more sensitive to the surface binding effect than the longitudinal peak.
The transverse peak bulk sensitivity remains competitive with the typical single mode
gold nanosphere SPR sensor sensitivity (76.4 nm/RIU) [24]. Even though, the proposed
sensor is not optimized and tested for real time sensing yet, we can compare the surface
and bulk sensitivity ratios. Slavik et al. showed in his work that the cross sensitivity of a
dual mode sensor is inversely proportional to the difference between bulk and surface
sensitivity ratios, |

| [35]. The measured difference between bulk and

surface sensitivity ratios for 65 nm, 70 nm and 80 nm nanorod array dual mode SPR
sensors at two different readings in time are given in the Table 11.6 below.
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Table 11.6 Measured difference between bulk and surface sensitivity ratios for 65 nm,
70 nm and 80 nm nanorod array dual mode SPR sensors at two different readings in
time

Length of the

|

|

nanorods
65 nm

70 nm

80 nm

0.615

2.53

1.92

0.45

2.44

1.99

0.67

1.964

1.3

0.67

2

1.33

0.55

1.15

0.6

0.55

0.91

0.36

The figure of merit for our sensors is comparable to that of the wavelength‐
interrogation design based on minimizing the surface limit of detection (1.4) [41], and
Slavik’s wavelength interrogation design based on minimizing the cross sensitivity (1.46)
[35].
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12 Conclusions and Future Work
A simple and repeatable process for the fabrication of nanorod array localized surface
plasmon resonance sensor was development and an experimental setup was assembled
for reading transverse and longitudinal resonance wavelengths. A finite element
simulation model for periodic nanorod arrays was designed that provides an initial
approximation of the transverse and longitudinal resonance wavelengths.
We have investigated the effect of change in the rod length on transverse and
longitudinal surface plasmon resonance modes, which is in good agreement with the
analysis provide by Smythe et al.[36]. It was also observed that the longitudinal
resonance mode response to the combination of bulk and surface changes is not
additive in nature. We propose that the shorter decay length of longitudinal mode might
be the reason for a reduction in its response to the bulk refractive index changes in the
presence of an adsorbed layer over the nanorods surface.
We can conclude that the transverse peak bulk sensitivity remains competitive with the
typical single mode gold nanosphere SPR sensor sensitivity (76.4 nm/RIU) [24] and that
the figure of merit for the proposed sensors, which is the difference between bulk and
surface sensitivity ratios, is comparable to that of the wavelength‐interrogation design
based on minimizing the surface limit of detection (1.4) [41], and Slavik’s wavelength
interrogation design based on minimizing the cross sensitivity (1.46) [35].
Suggestions for Future Work
Investigation is needed in finding ways to reduce the detector noise, which will make it
easy to point out the peak resonances. The self referencing mechanism proposed in the
present work can be tested and optimized for real time biochemical interactions.
Simulation results can be made more accurate by finding a way to solve the simulation
model with finer mesh elements. Nanostructures with three resonant modes can be
designed and exploited to differentiate bulk refractive index changes, specific binding
changes and non‐specific binding changes.
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